In this study, we identified the function of the neighboring upstream gene, lbgA, and found that it is necessary for addition of the third sugar in the dominant oligosaccharide branch, a galactose-linked ␤134, to the DD-Hep. LOS from an lbgA mutant and an lbgAB double mutant were isolated and were characterized by sodium dodecyl sulfate-polyacrylamide gel electrophoresis, carbohydrate analysis, mass spectrometry, and nuclear magnetic resonance spectroscopy. The results showed that the mutant strains synthesize truncated LOS glycoforms that terminate after addition of the first glucose (lbgAB) or the disaccharide DD-Hep␣136Glc␤1 (lbgA) that is attached to the heptose core. Both mutants show a significant reduction in the ability to adhere to human keratinocytes. Although minor differences were observed after two-dimensional gel electrophoresis of total proteins from the wild-type and mutant strains, the expression levels of the vast majority of proteins were unchanged, suggesting that the differences in adherence and invasion are due to differences in LOS. These studies add to the mounting evidence for a role of full-length LOS structures in the pathophysiology of H. ducreyi infection.
Haemophilus ducreyi is the causative agent of the genital ulcer disease chancroid. This sexually transmitted disease is prevalent in many developing countries and has been linked to the transmission of the human immunodeficiency virus (24, 48) . Although there are few reported cases each year in the United States, outbreaks occur occasionally in urban areas (32, 46) . Furthermore, chancroid may be greatly underreported due to inadequate methods of detection (15, 39) .
Although the virulence mechanisms of H. ducreyi are not well understood, several factors have been identified that may play a role in the organism's pathogenicity. Two different cytotoxins that are toxic to human foreskin fibroblasts and epithelial cells have been identified and characterized (3, 11, 33, 34) . Also, several studies have shown that the lipooligosaccharide (LOS) of H. ducreyi causes ulcers in rabbits and mice (10, 25, 47) . In addition, LOS plays a role in the adherence of H. ducreyi to host cells (2, 16) . One interesting aspect of the LOS from H. ducreyi, as well as other gram-negative mucosal pathogens, such as Haemophilus influenzae, Neisseria meningitidis, and Neisseria gonorrhoeae, is that some of the LOS glycoforms produced by these organisms mimic human antigens (5, 9, 27, 28) . Molecular mimicry may allow these organisms to evade the host immune system or enable adherence through host cell receptors.
The structures of the LOS from several H. ducreyi strains have been reported by us and other workers (1, 8, 18, 29, 31, 40, 41) . These structures have a common core structure consisting of three L-glycero-D-manno-heptose (LD-Hep) moieties linked to phosphorylated 3-deoxy-D-manno-octulosonic acid (Kdo) and substituted with a glucose on the first LD-Hep (Fig.  1) . The glucose that is ␤134 linked to the first Hep residue in this core appears to be the common attachment point for an oligosaccharide branch extension that is assembled via two major, but apparently exclusive, biosynthetic pathways. In the vast majority of strains, four additional sugars are added to this branch glucose to form a pentasaccharide, Gal␤13 4GlcNAc␤133Gal␤134DDHep␣136Glc␤1-, which is a lacto-N-neotetraose structure interrupted by a D-glycero-Dmanno-heptose (DD-Hep). The second pathway bypasses this unusual DD-Hep and adds only a single galactose to form lactose, Gal␤134Glc-, as typified by strains ITM 4747 and CCUG 4438 (41) . LOS structures that terminate in N-acetyllactosamine or lactose are also partially substituted with sialic acid (1, 29) . In one instance, African strain 33921, which was reported to be deficient in the ability to adhere to keratinocytes (7) , was found to contain an oligosaccharide branch that extended this lactose disaccharide by the addition of N-acetylglucosamine (i.e., GlcNAc␤133Gal␤134Glc-) that was not modified by sialic acid (29) .
In a previous study Gibson et al. identified a gene that encodes the DD-heptosyltransferase, losB (lbgB), by using a mutant generated by transposon mutagenesis (16) . This mutant was shown to be compromised in the ability to adhere to and invade human keratinocytes in vitro. It was also found to be unstable, with some reversion to wild-type LOS structures. In another study, Stevens et al. (44) identified a stable mutation in a neighboring upstream gene, lbgA (losA), that also resulted in an altered LOS phenotype. However, the function of this gene and the LOS structures from the stable, isogenic lbgA mutant were not determined. In this study, we determined the structures of the LOS from the stable lbgA mutant and a double mutant defective in both genes (lbgAB), and we identified the lbgA gene as a gene encoding a galactosyltransferase. The sequence of the lbgAB (losAB) gene cluster was deposited previously in the GenBank database under accession numbers U58147 and AF004712.
MATERIALS AND METHODS

Materials.
Anhydrous hydrazine, Salmonella enterica serovar Typhimurium TV 119 Ra lipopolysaccharide, 3-[(3-cholamidopropyl)-dimethylammonio]-1-propanesulfonate (CHAPS) (electrophoresis grade), thiourea, dithiothreitol (DTT) (electrophoresis grade), and iodoacetamide (electrophoresis grade) were purchased from Sigma (St. Louis, Mo.). 2,5-Dihydroxybenzoic acid was purchased from Aldrich (St. Louis, Mo.) and was recrystallized from water before use. An acrylamide/bis-acrylamide solution (40%, wt/vol; ratio of monomer to cross-linker, 37.5:1), electrophoresis quality Tris, glycine, and sodium dodecyl sulfate (SDS) were purchased from Bio-Rad (Hercules, Calif.). Trifluoroacetic acid was purchased from Pierce (Rockford, Ill.). IPG strips (width, 5 mm; length, 18 cm; pH 3 to 10 linear), urea, pharmalyte (pH 3 to 10), and glycerol (87%, wt/wt) were purchased from Pharmacia Biotech (Uppsala, Sweden).
H. ducreyi strains and growth conditions. The H. ducreyi strains used in this study are wild-type strain 35000 isolated from the Winnipeg outbreak (19) , the human-passaged variant 35000HP (42) , and the two isogenic mutants of 35000, 35000.3 (lbgAB double mutant) and 35000.4 (lbgA mutant) (44) . Bacteria were grown on chocolate agar or in brain heart infusion broth as previously described (33) .
Assay of adherence to culture keratinocytes. HaCaT cells were maintained in defined keratinocyte media (Life Technologies, Inc.) supplemented with 10% fetal bovine serum (Hy-Clone), 5% L-glutamine, and 5% nonessential amino acids (Life Technologies, Inc.). H. ducreyi adherence (percent association) to the HaCaT cells was evaluated by using a modification of the method described by Brentjens et al. (7) . Briefly, the HaCaT cells were seeded into 24-well culture plates and allowed to reach confluency at 35°C in 5% CO 2 . The cells were washed four times with media devoid of serum and antibiotics. H. ducreyi strains to be tested were grown to the early log phase (optical density at 600 nm, 0.2), pelleted, and resuspended in serum-free keratinocyte media. The bacteria were added to the monolayers in triplicate at a multiplicity of infection of 100:1 and incubated for 1 or 2 h at 35°C in 5% CO 2 . The original inocula of H. ducreyi were verified by serial dilution and colony counting at time zero. After the desired time interval, the monolayers were extensively washed with serum-free media to remove nonadherent organisms, and the monolayers were released by using 0.25% trypsin. Each suspension was serially diluted, and the percent adherence was determined as described previously (7) .
Preparation and SDS-polyacrylamide gel electrophoresis (PAGE) analysis of LOS. LOS was prepared from H. ducreyi cells that were grown overnight in 1 liter of liquid medium (yielding 600 to 700 mg [dry weight] of cells) and extracted by using a modified version of the hot phenol-water procedure (4). The yields of LOS were 0.15 to 0.2% (wt/wt) of the bacterial dry weight. LOS was analyzed by using a 16% polyacrylamide resolving gel with a 4% polyacrylamide stacking gel (14 cm by 16 cm by 0.75 mm) and silver stained as previously described (6) . LOS from H. ducreyi strain 35000HP was used as a standard.
Preparation of O-deacylated LOS and free oligosaccharides. To prepare a water-soluble LOS species amenable to mass spectrometry (MS) analysis, O-acyl groups were removed by treatment with hydrazine (22) . Anhydrous hydrazine (100 l) was added to lyophilized LOS (290 to 370 g), and O-deacylated LOS was prepared essentially as previously described (6) . Oligosaccharides were prepared from LOS (ϳ600 to 900 g) after hydrolysis in 1 ml of 1% (vol/vol) acetic acid at 100°C for 2 h. The resulting oligosaccharides were purified by size exclusion chromatography (31) . Dephosphorylated oligosaccharides were prepared by dissolving the dried oligosaccharide in 20 l of 48% HF and leaving it at 4°C for 24 h. The HF was removed under a vacuum by using an NaOH trap. For composition analysis this material was used directly, but for linkage and nuclear magnetic resonance (NMR) analyses, the dephosphorylated oligosaccharides were repurified by size exclusion chromatography.
Composition and linkage analyses. To determine the monosaccharide composition of the oligosaccharide, dephosphorylated oligosaccharides were hydrolyzed with 100 l of 2 M trifluoroacetic acid at 100°C for 3 h and analyzed by high-pH anion-exchange chromatography with pulsed amperometric detection by using a Dionex high-performance liquid chromatography system with a CarboPac PA1 column (4 by 250 mm; Dionex) (20) . Quantitation was performed by using the response factors from a hydrolysate of an S. enterica serovar Typhimurium Ra dephosphorylated oligosaccharide standard (prepared from commercially available lipopolysaccharide which contained glucose, galactose, N- acetylglucosamine, and LD-Hep at a 2:2:1:3 ratio). The molar ratios obtained were expressed relative to glucose. Monosaccharide linkages were determined by using a modification of the Levry-Hakomori microscale methylation procedure (26, 35) . The partially methylated alditol acetates (PMAA) were analyzed by gas chromatography-MS in both the electron impact and chemical ionization modes as previously described (30) . Quantitation was performed by measuring the peak area in the electron impact mode.
NMR spectroscopy. Dephosphorylated oligosaccharides (Ͻ100 g) were D 2 O exchanged several times in 99.96% D 2 O (Sigma) and then dissolved in 260 l of 99.996% D 2 O (Cambridge Isotope Laboratories, Andover, Mass.) for NMR studies. The samples were run in Shigemi symmetrical NMR microtubes that were matched with D 2 O (Shigemi, Inc., Allison Park, Pa.). All 1 H NMR spectra were recorded at 500 MHz with a GE Omega spectrometer and referenced to acetone (␦ 2.225). Spectra were recorded at 15, 25, and 45°C for periods of time ranging from ϳ5 h to overnight.
MS. O-deacylated LOS was desalted with Dowex 50W-X8 100-to 200-mesh beads (NH 4 ϩ form) and analyzed with a Voyager-DE time of flight (TOF) mass spectrometer by using 2,5-dihydroxybenzoic acid as the matrix as previously described (6) . Samples were desorbed with a nitrogen laser (337 nm), and the instrument was operated in the negative-ion mode by using an accelerating voltage of 25 kV, a grid voltage of 95%, a guide wire voltage of 0.1%, and a delay time of 150 ns. The instrument was calibrated externally by using bovine insulin
Da) and angiotensin II (average [M-H]
Ϫ ϭ 1,045.2 Da). Dephosphorylated oligosaccharides were analyzed in the positive-ion mode with a QSTAR hybrid quadrupole TOF mass spectrometer (PE Sciex Instruments) equipped with a Protana nanospray ion source. Samples were prepared in a solution containing 43 mM ammonium acetate (pH 4.5), 50% acetonitrile, and H 2 O, and ϳ5 l of each analyte was deposited into a Protana nanospray tip (medium). MS/MS spectra were acquired with an ion spray voltage of 1,200 V and a quadrupole mass analyzer mass window of 1 m/z unit. Mass spectra were corrected by using a two-point calibration with the singly charged fragment ions (m/z ϭ 187.0719 and 1,285.5449) derived from the doubly charged parent ion (m/z ϭ 785.8427) of the human [Glu 1 ]-fibrinopeptide B. Two-dimensional gel electrophoresis analysis of H. ducreyi proteins. Bacteria were harvested from plates, washed in phosphate-buffered saline, lyophilized, and then stored at Ϫ20°C until they were used. Lyophilized bacteria were resuspended in 50 l of water, and sufficient rehydration buffer (7 M urea, 2 M thiourea, 4% CHAPS, 65 mM DTT, Pharmalyte [pH 3 to 10] [1:50]) (37) was added to give a final concentration of 10 mg of dried bacteria per ml. Tubes were shaken for 2 h and centrifuged to remove any precipitate, and the supernatant was stored at Ϫ80°C until it was used. Protein concentration was determined with a Bio-Rad Protein Assay Kit II.
The lysate was diluted with rehydration buffer to obtain a solution containing 0.8 mg of protein/400 l and was added to 18-cm linear pI 3 to 10 IPG strips (Pharmacia). The strips were rehydrated for 16 h, which was followed by isoelectric focusing with a Multiphor II (Pharmacia) at 20°C for 24 h using the following gradient program: step 1, 0.01 h, 500 V, 1 mA, and 7 W; step 2, 5 h, 500 V, 1 mA, and 7 W; step 3, 5 h, 3,500 V, 1 mA, and 7 W; and step 4, 14 h, 3,500 V, 1 mA, and 7 W. The strips were then equilibrated with gentle shaking in two subsequent steps (20 min each) in 5 ml of equilibration buffer (0.05 M Tris-Cl [pH 6 .0], 35% glycerol, 1% SDS, trace of bromophenol blue) containing in addition 0.1 mg of DTT in the first step and 0.14 mg of iodoacetamide in the second step. The strips were placed on top of a 1-mm-thick 20-by 20-cm 12% acrylamide nongradient gel (vertical system, Bio-Rad Protean II cell with a two-dimensional conversion kit), and proteins were separated in the second dimension at 10°C until the bromophenol blue dye front reached the bottom of the gel (15 mA per gel, ϳ16 h). The gels were stained with colloidal Coomassie blue Fast stain (Zoion, Newton, Mass.) and were scanned and analyzed by using an ImageMaster 2D gel scanner (Pharmacia).
RESULTS
SDS-PAGE analysis of the LOS from the lbgA and lbgAB mutants. LOS isolated from the lbgA mutant (strain 35000.4), the lbgAB double mutant (strain 35000.3), and parental wildtype strain 35000HP were first analyzed by SDS-PAGE (Fig.  2) . We previously assigned identities to the LOS bands obtained by SDS-PAGE for strain 35000HP on the basis of their mobilities and their relative intensities compared to those of O-deacylated LOS glycoforms observed by matrix-assisted laser desorption ionization (MALDI)-MS (6). For example, the major glycoform in strain 35000HP terminates in Gal and is designated A 5 because it is the fifth monosaccharide in the branch extending from Hep-I. Both mutants produce LOS that appears to consist of only a single glycoform as determined by SDS-PAGE (Fig. 2, lanes 2 and 3) . The LOS from the lbgA mutant has the same mobility as the fastest moving component (A 2 glycoform) of the wild-type strain (Fig. 2, lane 3) . The LOS from the lbgAB mutant (Fig. 2, lane 2) clearly migrates even faster than the LOS from the lbgA mutant. The distance separating the two bands suggests that the LOS from the lbgAB mutant has one less monosaccharide than the LOS from the lbgA mutant.
MS analysis of the O-deacylated LOS and oligosaccharide. To determine the structure of the LOS from the lbgA and lbgAB mutants, MS and chemical analyses were performed. The LOS from the mutants were analyzed by MALDI-MS 1 and 4) . The designations on the right (A 5 a 1 , A 5 , etc.) refer to the proposed LOS glycoforms to which the bands are believed to correspond. Only the bottom portion of the gel where the LOS migrated is shown. The phosphate of Kdo can be partially substituted with PEA (asterisk). The structure corresponding to the LOS glycoform designated A 1 was determined previously (16 (Fig. 3) . The spectra of the two mutants are much simpler than the spectrum of the wild-type strain; however, there is clearly more heterogeneity than is evident from SDS-PAGE analysis. This can be explained by partial substitution of the LOS with phosphoethanolamine (PEA) that is not detected by SDS-PAGE, the presence of salt adducts, and fragmentation processes that occur in MALDI-MS experiments (6, 17) . Overall, the results are consistent with the LOS from the lbgA mutant containing the A 2 glycoform and the lbgAB mutant containing the A 1 glycoform (one Hep less than A 2 ); both of these glycoforms exist with no PEA moiety or one PEA moiety ( Table 1) . The sequential orders of sugars in the LOS from the mutant strains were determined by examining the corresponding dephosphorylated oligosaccharides by tandem MS (Fig. 4) . Overall, collision-induced dissociation of the singly charged sodiated parent ions yielded a collection of B, C, and Y type 2) ions provided further evidence that the lbgA mutant produces the A 2 glycoform and the lbgAB mutant produces the A 1 glycoform. Together, the two mutants produce truncated LOS structures in which the monosaccharides are sequentially connected to lipid A in a manner analogous to that in the core oligosaccharide from the wild-type strain (31) .
Composition and linkage analyses. Composition analysis of the purified oligosaccharide fraction of the LOS from the two mutants revealed only glucose and heptose monosaccharides (Table 2) . Galactose and glucosamine, present at the nonreducing terminus of the LOS from parent strain 35000 (30), were not detected. In addition, only LD-Hep was found in the oligosaccharide from the lbgAB mutant. Both LD-Hep and DDHep were detected as components of the oligosaccharide from the lbgA mutant. Kdo is not observed under the analysis conditions used (30) .
Methylation analysis of the oligosaccharides confirmed the results of the composition analysis (i.e., only Glc and Hep monosaccharides were detected) and provided the linkages of the sugars ( Table 2 ). The three core LD-Hep residues (terminal, 2-linked, and 3,4-linked residues) were found in both mutants, but no branch DD-Hep was found in the lbgAB mutant. Furthermore, only a trace of 6-linked Glc was observed, and in its place a terminal Glc was detected. This provides strong evidence that the oligosaccharide terminates at Glc, forming the A 1 structure, before addition of DD-Hep. Consistent with the lbgA mutant adding only a DD-Hep sugar to Glc, the normal 6-linked Glc was detected along with a terminal DD-Hep, and (Fig. 3) as average values based on singly deprotonated charged molecular ions, (M-H) Ϫ . b Relative abundance was determined from peak heights of the singly charged molecular ions. c After O-deacylation, the lipid A moiety is converted into diphosphoryl diacyl lipid A containing two N-linked ␤-hydroxymyristic acid chains with an average M r of 953.0. Kdo(P), phosphorylated Kdo. a The molar ratios are the ratios relative to Glc determined by using dephosphorylated S. enterica serovar Typhimurium Ra oligosaccharide as a standard. The DD-Hep ratio was estimated by using the response factor determined for LD-Hep. b No Glucosamine (GlcN) was observed since no GlcNAc was present on the branch structures of the mutants and lipid A was removed prior to analysis. the 4-linked DD-Hep observed in the parent strain (30) was absent. As in the composition analysis, Kdo was not detected under the conditions used for the analysis (30, 35) . NMR spectroscopy of the oligosaccharides. To confirm the anomeric configurations of the oligosaccharides from the lbgA and lbgAB mutants, the 500-MHz 1 H NMR spectra of the dephosphorylated oligosaccharides were recorded at three temperatures (15, 25 , and 45°C). The spectra were compared to the 1 H NMR spectra of the oligosaccharides from H. ducreyi strain 35000 (16) and the TN 916 lbgB mutant (16) . Consistent with the published spectra, the spectra for the lbgA and lbgAB mutants contained the characteristic downfield-shifted anomeric signals arising from the three alpha-linked Hep residues (residues I, II, and III, J Ͻ 1 Hz) and the beta-linked glucose (residue IV, J Ϸ 7 to 8 Hz) of the inner core ( Table 3 ). The glucose in the pentasaccharide from the lbgAB mutant was shown by methylation analysis to be a nonreducing terminal residue. Taken together, these data indicate that the oligosaccharide from the lbgAB mutant is identical to the pentasaccharide from the H. ducreyi Tn 916 lbgB mutant described previously (16) . In addition to these resonances, the spectrum of the oligosaccharide from the lbgA mutant contained an additional signal at ␦ 4.92 (J Ͻ 1 Hz), which was assigned to the branch alpha-linked D-glycero-D-manno-heptose V residue in H. ducreyi 35000 (31) . In this case, the DD-Hep is present on a nonreducing terminus. Thus, 1 H NMR analysis and methylation linkage analysis confirmed that the pentasaccharide of the lbgAB mutant and the hexasaccharide of the lbgA mutant are simple truncations of the wild-type H. ducreyi 35000 oligosaccharide. Two-dimensional SDS-PAGE of whole-cell lysates. Cell lysates from the parent and two mutant strains were analyzed by two-dimensional SDS-PAGE (data not shown) to determine if there were any inadvertent changes in protein expression resulting from deletion of the lbgA and lbgAB genes. Comparison of the two-dimensional gels obtained for the wild-type strain and the two mutant strains showed that there were no major differences, although a few minor differences were seen in the basic region of the gel that were highly reproducible and characteristic for each strain.
Adherence to human keratinocytes. The adherence of the LOS-defective 35000.3 (lbgAB) and 35000.4 (lbgA) mutant organisms to cultured human keratinocytes showed significant changes. After 1, 2, and 4 h of incubation, the mutant organisms showed Ͻ3% total adherence (1.2, 2.3, and 2% for strain 35000.3 and 1.6, 2.1, and 1.7% for 35000.4, respectively). In contrast, the parental wild-type strain 35000 showed the expected normal adherence levels between 22 and 28%, (22, 25 , and 28% for the 1-, 2-, and 4-h time points, respectively), consistent with previous analyses (7, 16) .
DISCUSSION
In previous work, Gibson et al. (16) and Stevens et al. (44) identified gene cluster lbgAB (also termed losAB) involved in H. ducreyi LOS biosynthesis. In both studies, mutants were selected based upon their inability to bind monoclonal antibodies that recognize the nonreducing terminus of the LOS. A Tn 916 lbgB mutant was found to have a greatly reduced ability to adhere to and invade human keratinocytes in tissue culture. However, the mutant strain was not stable and showed some reversion to wild-type LOS structures. In this study, we structurally characterized the LOS from stable, isogenic lbgA and lbgAB mutants to determine the function of lbgA and analyzed these mutants for the ability to adhere to cultured human keratinocytes.
Analysis of the LOS by SDS-PAGE showed that both mutants had very simple profiles compared to the wild-type LOS, with each mutant appearing to produce a single, truncated LOS species. Furthermore, the LOS from the lbgAB mutant migrated faster than that from the lbgA mutant and all of the species present in the wild-type LOS. Chemical, MS, and NMR spectroscopic analyses confirmed that the lbgAB mutant produces an LOS species that is truncated at the first Glc of the Hep-I branch (A 1 glycoform) and is identical to the previously reported major LOS species produced by the Tn 916 lbgB mutant but without any reversion to wild-type LOS structures (16) . Likewise, the lbgA mutant LOS is truncated at the DDHep of the branch (A 2 glycoform), making the LOS one Hep larger than the LOS from the lbgAB mutant. The LOS from the mutants are simple truncations of the major LOS species from the parent strain. The lbgA mutant is blocked in the ability to add Gal␤134 to DD-Hep to elongate the Hep-I branch of the LOS. This could occur due to defects either in synthesis of the activated nucleotide sugar, UDP-Gal, or in transfer of Gal to the LOS acceptor.
As noted previously (44) , the lbgA gene product is similar (23 to 25% identity) to proteins involved in LOS biosynthesis from H. influenzae, but the exact functions of these proteins are unknown. Recently, two ␤134-specific galactosyltransferases from Helicobacter pylori and Escherichia coli with some similarity to LbgA (23 and 26% identity, respectively) and no significant similarity to enzymes involved in UDP-Gal synthesis (GalK, GalT, GalU, and GalE) have been identified (13, 21) . Low sequence identities among glycosyltransferase of bacteria are common and may be further reduced due to differences in the acceptor molecules that they recognize (e.g., the H. ducreyi enzyme transfers Gal to DD-Hep, the H. pylori enzyme transfers Gal to GlcNAc, and the E. coli enzyme transfers Gal to Glc). However, LbgA is much more highly conserved in Actinobacillus pleuropneumoniae (64% identity) and Pasteurella multocida (56% identity); in both of these organisms a second neighboring gene of lbgA is present downstream that is similar to lbgB and in the same order (i.e., lbgAB). In these cases, the product in A. pleuropneumoniae is reported to be a putative D-glycero-D-manno-heptosyl transferase, in keeping with our prior identification of this enzyme in H. ducreyi (16) , although its function is reported as unknown in P. multocida.
Previously, we showed that the Tn 916 lbgB mutant had a greatly reduced ability to adhere to and invade human keratinocytes in tissue culture (16) . Studies with the stable isogenic lbgA and lbgAB mutants, the latter of which produces the same LOS structure as the TN 916 lbgB mutant, showed similar reductions in the ability to adhere to cultured human keratinocytes. No significant differences in protein expression between these two mutants and the parental wild-type strain were observed by two-dimensional SDS-PAGE separation. In addition, previously published data for one-dimensional gels of outer membrane proteins from similar isogenic strains of 35000 deficient in LOS branch structures also yielded patterns with no discernible differences (8, 14) . Although the similarity in protein gel patterns supports the hypothesis that the biological differences are due to changes in LOS structure, the data do not preclude the possibility of a minor alteration in one or more proteins critical for adhesion.
The vast majority of H. ducreyi strains produce an LOS structure that is immunochemically similar to paragloboside that is partially sialylated. What function(s) these structures have in H. ducreyi virulence is still unknown. In other gram-negative human pathogens, however, evidence exists that LOS containing paragloboside and its sialylated analog are important in virulence, acting through molecular mimicry to inhibit key human defenses, such as opsonophagocytosis, neutrophil killing, and/or resistance to complement and serum factors (for a review, see reference 36).
In support of such possible roles for H. ducreyi LOS, it has recently been reported that H. ducreyi is exquisitely sensitive to the exogenous concentration of sialic acid and can efficiently take up and incorporate this sugar into its LOS (38) . However, expression of full-length LOS glycoforms with or without sialic acid is not necessary for the serum resistance of H. ducreyi (6, 45) , nor is it needed to cause pustule formation in the experimental model of human infection or dermal lesions in the rabbit model (44, 49) . Indeed, the lbgB isogenic mutant has been shown to be both serum resistant (23) and virulent in the human model (49) . However, the human model (and rabbit model) of infection may be insensitive to virulence factors that are necessary during the early and late stages of establishing infection. For instance, in the early stage of infection, H. ducreyi is likely to bypass altogether the keratinocyte layer in both the human and rabbit models due to the mode of inoculation. In the late stages of ulcer formation, the human model is terminated at the pustule stage due to human safety concerns and therefore may miss key processes of tissue necrosis and subsequent pathogen transmission (43, 49) . It is also worth noting that in late-stage conditions of H. ducreyi infection, extensive tissue damage is observed clinically and exogenous (cellfree) levels of sialic acid would be expected to be at their highest values. It is under these conditions that one would expect conversion of LOS containing terminal N-acetyllactosamine to its sialylated glycoforms.
In conclusion, structural characterization of the LOS from isogenic lbgA and lbgAB mutants has shown that these mutants produce LOS structures that are truncated versions of the major wild-type LOS structure due to mutations in the ␣-1,6-DD-heptosyltransferase gene (lbgB) or ␤-1,4-galactosyltransferase gene (lbgA). LbgB and LbgA act consecutively to add ␣-1,6-DD-Hep followed by ␤-1,4-Gal to the glucose emanating off Hep-I of the heptose core. These mutations prevent further elongation of the oligosaccharide, thereby blocking synthesis of sialylated and paragloboside-like LOS structures.
